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EXECUTIVE SUMMARY

Salt marsh ecosystems are an important naturaliresaevithin Cape Cod National
Seashore (CACO) that are subject to a varietyalfzed and potential threats. In
particular, artificial tidal restrictions have haevere impacts on this habitat. As a means
to evaluate the restoration of some of these hgdiahlly-impacted systems, a
vegetation monitoring protocol was developed. knpgntation of this protocol has been
ongoing since 1998 in Hatches Harbor and 2002 &t Harbor, two systems where tidal
exchange has been restored after long periodspgiunmdment. In 2003, field crews
expanded the data gathering effort to include nigeg $n unrestricted marshes, while
continuing to monitor the restoration sites. Asbaponent of this additional monitoring,
a suite of new biotic and abiotic variables weraralterized in order to evaluate their
potential inclusion into the existing protocol.

Vegetation monitoring in CACOs unrestricted saltshahabitat revealed that although
different sites harbored similar kinds of salt nhepsants, their relative abundances
varied substantially, particularly with respecttacroalgae (seaweeds). Another
interesting find was that cordgra§pdrtina alterniflora) exhibited a level of

productivity, as suggested by plant heights anfilerient content, similar to or
surpassing that which has been reported from nwmserarshes along the Atlantic and
Gulf coasts. The physico-chemical attributes ofd@AmMarshes such as hydroperiod and
porewater sulfide concentrations were also quépatiate and, in addition to
developmental stage (age), undoubtedly contritut@tiability in structure and function.

In East Harbor, plant community composition hasilexd some transformation in
response to hydrologic restoration, mostly in tteaammediately upstream from the
point of seawater entry. While much of the emetgatt-intolerant vegetation that
became established during the period of tidal ict&tn has been suppressed or
disappeared altogether, no salt marsh speciesylet\@nerged from the seed bank. The
aerial extent oPhragmites remains unchanged; however, minor reductions intpla
heights, photosynthesis, and flowering have ocd rdich coincide with elevated
porewater salinities and sulfides. The rat@lufagmites decline may initially be slowed
by the ameliorating effects of heavy precipitatéor temporarily increased porewater
nutrient availability.

In Hatches Harbor, a number of changes occurrddg@002-2003. Although
Phragmites appears to have made a slight recovery in plageebably due to copious
rainfall in June and July of 2003, other indicatsugh as flowering and leaf tissue
nutrient concentration suggest a continuing dedtinégor. Moreover, native
halophytes are rapidly spreading throughout theéoly restricted portion of the marsh -
a trend that should be statistically apparent falhg a complete vegetation survey
scheduled for 2004.
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INTRODUCTION
Overview of salt marsh vegetation monitoring

Salt marsh ecosystems are an important naturaliresaevithin Cape Cod National
Seashore (CACO). In addition to their aesthetloeatheir role in supporting a wide
variety of flora and fauna has been well docume(iixon and Oviatt 1973, Roman et
al. 2001). Salt marshes also reduce coastal erogitenuate nutrient inputs to the
marine environment, and protect shorelines by pgsig energy from storm surges
(Bertness 1999).

While many salt marsh areas within CACO are reddyiypristine, others have been
severely degraded by human-related activities.trirRgens to tidal flow, for example,
have had major impacts on this habitat, which Bdgd several restoration initiatives. In
1997, a series of large culverts were built int dike that had severed much of Hatches
Harbor from seawater influence for > 40 years2003, efforts to restore East Harbor, a
salt marsh lagoon impounded for ~ 150 years, wederaken by permanently opening
clapper valves in a culvert that connects the systeCape Cod Bay. Vegetation
monitoring was initiated at both these sites pigorestoration and this work led to the
development of a long-term protocol for salt marepetation monitoring (Roman et al.
2001). In a broader context, eutrophication, eeallrise, acid deposition, and
recreational use are additional threats to salsmhabitat. The protocol allows scientists
and managers to evaluate the progress of restorasiovell as changes in unrestricted
salt marsh habitat throughout CACO. Some of tlmamy questions that the protocol
addresses are:

* What is the response of salt marsh vegetation dodhygic restoration?

* How do salt marsh structure, function, and landsqagitern of salt marsh
vegetation vary spatially and temporally?

* What physical, chemical, and biological factorstdbmite to observed variation?

» Are certain features and changes in characterigteesesult of human activities or
natural processes?

In 2003, field crews focused on the implementingthrrent protocol for salt marsh
vegetation monitoring at both preexisting (HatcHesbor, East Harbor) and new sites,
the latter being established in four areas of hygdjioally-unaltered salt marsh habitat.
Vegetation communities and a number of physico-¢b@nparameters were
characterized in detail. In addition, data wasenbéd for several new parameters that
will be evaluated for possible inclusion into thetpcol (see section on “Data
Collection™).
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METHODS
Baseline characterization of CACQO'’s unrestricted sh marsh habitat

The basic techniques for monitoring salt marsh ystems at CACO have already been
developed and are summarized in Roman et al. (200d date, monitoring efforts have
largely focused on tracking the progress of tigskeoration. Consequently, we began
collecting baseline data on vegetation and physiemical characteristics of
unrestricted marshes in 2003 to provide a founddtio the long-term monitoring of salt
marsh habitat CACO-wide. Moreover, informationfranrestricted sites allows
scientists and managers to evaluate restoratigagisdoased on specific quantitative
targets for physical, chemical, and biologicaliattres.

Establishment of new sites

Within the boundaries of CACO, there are four maeas of unrestricted, salt marsh
habitat (two on the Atlantic and two on the Capel Bay side). The West End marsh is
adjacent to Provincetown and is enclosed alonggistern margin by a permeable stone
dike originally installed to prevent sediment tnam into Provincetown Harbor. The
western boundary is a barrier beach that endsrag Point. Middle Meadow, located on
Great Island in Wellfleet, is wedged between twkang areas to the north and south.
Nauset marsh in Eastham is a part island - pak bacier marsh that lies between Town
Cove and a spit (Coast Guard Beach). The Ple&sgnsite is located in the
northeastern reaches of Pleasant Bay in Orleansxnadds westward from the barrier
beach (Nauset Beach) (Figure 1). Hatches Harbsrdl the western edge of Seashore
(Provincetown) and is bisected by an earthen diiite,which culverts have been
installed for the purpose of tidal restoration. mentioned previously, monitoring has
been conducted at permanent plots since 1997 imthetunrestricted and restoring
(formerly-restricted) sides of the marsh.
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Cape Cod Bay

Pleasant Bay

Figure 1. Salt marsh monitoring site locationshimtCACO.

Transect and plot locations were laid out accordintipe general methods of Roman et
al. (2001). As a means to circumvent various anagiound difficulties such as
stretching field tapes over long distances throdeghse vegetation and across wide tidal
creeks, orienting transects with a compass, et& sGftware was used to locate
sampling points. The procedure is described below:

1. Aerial photographs of each marsh area were itaginto Arcview™ ver. 3.2. Using
the drawing toolbar, straight lines were createsbaghly right angles to elevation
gradients or, when no gradients were obvious, albagnajor axis of the marsh, which
was based on general marsh configuration. Inezks, the axes essentially bisected each
area of salt marsh habitat. Three points were thedomly located (using a point
randomization Arcview™ extension) along the mairsaXxVhere a minimum of three
transects did not seem to adequately capture thalbeharacter of a marsh (based on
marsh size, vegetation gradients, and geomorphtarfes), we added transects until all
the major features were represented.

2. Transects, delineated as additional straigbsliwere drawn perpendicular to the
main axis intersecting with each randomized poilransects were made to extend from
one edge of the marsh to the other, with edgeglifined as either upland or open
water.
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3. A point within 20m from the end of each trariseas randomly located. From this
point, all other points (= plot locations) were tpdal by a standard distance, which was
30, 60, or 100 m depending on marsh size (Figure 2)

Based on several years of data from the unredrjmbetion of Hatches Harbor, Roman et
al. (2001) suggest that 20 plots re sufficienttaracterize unrestricted Cape Cod salt
marsh communities. The method described aboveglaetween 20 and 40 sites within
each site (see Appendix I). Plot coordinates wepiteaded into a Garmin™ GPS
receiver and located in the field. To mark eatd si length of 1.25-inch PVC pipe was
hammered into the ground to a depth of ~ 3 ft.

Figure 2. Resulting configuration of transects phais using GIS software (Pleasant Bay marsh
site, Orleans).

Data Collection

To characterize the biotic and abiotic environmdata were collected for the following
parameters:

* Percent area cover of vegetation by species (R&hah 2001)

» Porewater quality (salinity, pH, alkalinity,.H, NH,, PQy) (spring tides during
June & August) (Portnoy and Giblin 1997)
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» Sediment solid phase properties (particle sizeék dehsity, organic matter, KCL

extractable NI total iron, total sulfur, total phosphorus, TQ,Tinorganic o [ Formatted: Subscript

phosphorus, organic phosphorus) (Portnoy and Gil9187); total reactive Fe
(amorphous Fe(lll) oxides and acid volatile Feidef, Kostka & Luther 1994)

» Water table heights at low tide - Hydroperiod, jgaitrly as it relates to sea-level
rise, greatly influences marsh structure and femc(Donelly and Bertness 2001).
Water depths were measured once during a neagdevpériod. Because it is
impossible to do this simultaneously in all marsliedividual marshes were
monitored on specific days during October, Novembhed December when the
high and low tides were expected to reach the sanaery similar elevations
(based on local tide charts for the area). Inufay, although the data were
collected on different days, the tidal conditions éach site were very close to
what they would be if measured on a single dayis Wil allow for a more
powerful spatial analysis of hydrologic variability

These additional parameters also were sampled @ttempt to evaluate other
biogeochemical indicators of salt marsh healthtarrovide a more comprehensive
understanding of these systems:

»  Sartina alterniflora heights - Heights of individud. alterniflora are frequently
used as an indicator of physiological state ordvigLissner and Schierup 1996,
Chambers 1997, Neckles et al. 2002). Wiseadterniflora was present, the
heights of the 5 tallest plants, which is represive of aboveground biomass
(Thursby et al. 2002), were measured within eatplot.

» Spartina alterniflora flowering - Because the production of an infloessze inS.
alterniflora is affected by stress, the presence/absenceveéiiiog stems was
noted for each plot (Neckles et al. 2002).

* Plant tissue nutrients - Leaf nitrogen (N) and oarfC: N) are useful indicators
of plant vigor and estuarine trophic status (Bra@dled Morris 1992, Farnsworth
and Meyerson 2003). In August, three to four leaf segments (~20 cm from
tip of the leaf) were collected from 3 separ@talterniflora plants (adjacent to
each plot) and composited. Macroalgae, if preseate collected as well. The
samples were immediately dried, ground, and andljaetotal carbon (TC) and
nitrogen (TN) content (Lee 2003).

» Infiltration rates - to assess their capacity favimetric drainage, soils adjacent
to each plot were cored to a depth of 10 cm usiingR diameter butyrate tubes.
The cores were capped and transported back talbloedtory. Each core was
mounted vertically on a rack and the bottom capexagal with a section of 2-inch
(inside diameter) PVC pipe across which a pieck wim nylon mesh was
fastened. The tube served as a filter that alloweser to pass through but
retained the sediment. Water was added to eaelteamiformly saturate the
samples. While temporarily capping the bottom wsithiece of styrofoam in one
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hand, additional water was then added to a leveln2@bove the sediment
surface, after which the water was allowed to dfirly. Using a dry-erase
marker, the water level was marked directly onttliees at different times before
it reached the sediment surface. The rate of charag then calculated as mean
volume lost per second.

» Peat depths - The depth of peat in a marsh is itapioin terms of nutrient pools,
drainage rates, and physical stability. Peat deaiiation is a reflection of marsh
hydrology, sediment dynamics (supply and erosianyi marsh age. To determine
average peat depth at a particular location, ad@mg-aluminum pipe with a
plastic end cap was used as a probe to detecbtivelary between peat and
inorganic sediment layers. In three separateilmtaiadjacent to each plot, the
probe was pushed into the marsh surface untiaittred the sand barrier, at which
point there is sudden resistance to further peti@traln most cases, this peat-
sand interface can also be confirmed audibly asgaesthrough sand makes a
loud grinding sound.

* Presence or absence of fiddler crabs and theiowsrt Fiddler crabsJca spp.)
can alter porewater-sediment chemistry and, corsgky plant vigor (Bertness
1985, Michaels and Zieman 2003).

» Digital photographic inventory - Images of eachetagjon plot were acquired
with a digital camera. This kind of digital inveny not only helps to convey
community changes over time, but also serves agfalitool for data referencing
and quality control. Details on acquiring magesgiven in section IV below.

East Harbor

East Harbor was originally a salt marsh lagoon witl,000 ft opening to Cape Cod
Bay. In the mid-1800s, the mouth of this lagoors winsed off in an attempt to prevent
shoaling in Provincetown Harbor. Shortly theregfterailroad was built and, except for
a 4-ft diameter culvert that allowed one-way drgmaut to sea, the waterbody was
completely impounded. The bordering marsh arebsexjuently were invaded by
freshwater wetland taxa witfypha angustifolia one of the dominant planPhragmites
australis, a brackish water species, also invaded the sygtemarily in the Moon
Meadow area just north of the culvert openingDétember 2001, the clapper valves in
the culvert connecting the Harbor with Cape Cod ®aye permanently opened in the
interest of hydrologic restoration. Prior to thite, a series of 178ampling plots along
4 transects were established to monitor changekyisico-chemical parameters and the
vegetation community (see Appendix I). Monitorigfivities begun in 2002 were
continued throughout 2003. The following is a bdescription of sampling variables:

Vegetation

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Plant densities were determined by manual coumtiyspecies cover by visual estimate
by cover class. The latter method was used indfehe point intercept technique due to
the difficultly of positioning point-counting rods extremely dense, tall vegetation. In
addition, all stems dfypha angustifolia andPhragmites australis (where present) were
measured from base to highest portion of stem {ieadr top of inflorescence). When
densities were extremely high (e.g., > 50) the measents were restricted to the bottom
left (or “southwest”) corner (0.25Mof the nf plot. Photosynthetic gas exchange of
Phragmites was measured in a subset of plots and in stadsidrthe lake shoreline on
July 18, 2003 using an infrared gas analyZénally, three or four live leaf segments
(~20 cm from tip of the leaf) were collected in Aisg from 3 separateéhragmites plants
adjacent to the fplot and composited. The samples were immedialtééyl, ground,

and analyzed for total carbon (TC) and nitrogen)(@bhtent.

Porewater quality

Triplicate porewater samples (10 cm depth) werkectdd from each plot during neap
tide cycles in June and August. Three 10-ml sasnpkere drawn by a syringe fitted with
a stainless steel probe. A 500 uL subsample vasrddirectly from each replicate with
a 20-gauge needle on a glass syringe; total disdaulfides in this aliquot were
immediately fixed by ejecting the sample through tieedle into a 20-ml septum vial
containing 6 ml of zinc acetate (see appendeddgutfiethod). All three of the larger
samples were then transferred via a rubber conngctbocommon syringe, resulting in a
composite 30 ml sample. The syringes were cappeédransported in coolers with
freezer packs back to the laboratory. Salinity, phtl alkalinity measurements were
made immediately upon return. Remaining samplefitased (0.45 pum Millipore),
acidified to pH < 2 with trace metal grade HCI atored at 4°C for subsequent analyses
of NH,4, PQ, and Fe.

Hatches Harbor - Restoring Side

Hatches Harbor has been undergoing hydrologic na#ta since 1997, accompanied by
intensive monitoring (Portnoy et al. 2004 ). Dgrihis time, plant communities
upstream of the dike have exhibited rapid chandgeor to the construction of culverts
that now allows tidal exchange, the upstream pomicthe marsh had been invaded by
the exotic haplotype dfhragmites australis, which effectively displaced a largetjpor

of the native community. As such, tracking thepmse ofPhragmites to the
reintroduction of seawater is a major componeravaiuating the progress of restoration.

Vegetation

Phragmites stems heights and densities were recorded ingesobplots (0-240m) along
transects 1 and 2 at the end of the 2003 growiagae(mid-October). The presence or
absence of an inflorescence on each stem was @tled at this time. Earlier in the
growing season (Julylphragmites leaf samples were collected from plants adjaaent t
these plots and analyzed for carbon and nitrogatecb by standard methods (Lee
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2003). Tissue nitrogen (N) and carbon C:N candsful indicators of plant vigor and
wetland trophic status (Bradley and Morris 1992ib8hg and Cornwell 2001,

Farnsworth and Meyerson 2003). Statistical conspas were conducted using specific
T-tests for groups having equal or unequal varisnce

Porewater

Porewater samples were obtained from a subsebdts along transects 1, 2, and 7 by the
methods described above.

Resolution of General Logistical Issues

Plot marker/water well design

It is important to position plots in the same lozatfor repeated sampling. When using a
single marker to delineate one corner of a ploddgats can easily be offset from the
original placements, which can lead to samplingrgiffigure 3). To avoid this scenario,
two markers were used to indicate the locatiomaf dpposite corners, the disadvantage
being that twice as much marker material (e.g., Pyf@) is needed.

gy —=— e

F J
4

20° error

Figure 3. Example of how misalignment of a quadaat produce significant sampling error.
Note that thepartina alterniflora in the upper portion of the original sampling aneauld not be
recorded in a subsequent plot offset by 20°.

A new plot marker design allowed us to reduce thewnt of PVC required to define the
sampling area while maintaining the spatial intiggof the plot (Figure 4). A hole was
drilled completely through the top of each PVC pol® set up the plot, a 1.41 m plastic
dowel was inserted through both holes (and theheltiy firmly at that particular angle).
The end of this dowel indicated the location far dpposite corner of a fmuadrat and
the sides of the square could be set up basedoreterence point.
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Figure 4. Image showing how a single plot markerloe used to orient a muadrat.

The PVC plot markers also functioned as water wellsch were fashioned according to
substrate type. Sandy or mucky substrates regsiotdavells with diameters < 0.5 mm
(to prevent sediment intrusion). In consolidatedtpwe used wells with larger holes
drilled into the sides to facilitate flow and, te@re, more rapid water-level
compensation (as described in Roman et al. 200/8lls were cut to 3-4 ft. in length
(with approximately 6 inches out) so that they da@lach the water table in well drained
soils and to make then difficult to remove. A rabimallet was used to hammer in the
PVC pipe to avoid shattering and/or disfiguring émel of the pipe.

Plot labeling

Establishing permanent labels on plot markers isi@gral part of data quality
assurance. Unfortunately, permanent ink fadeskbyuigith exposure to sun, wind and
rain. Even aluminum tags degrade rapidly in theimesenvironment. Our solution was
to write plot codes in permanent ink on the ingifi®VC caps placed on the ends of each
marker (friction fit) (Figure 5). Protection frothe elements has allowed the labels to
persist; to date (~12 months of exposure) therdobag no detectable fading.
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Figure 5. Image of plot ID label on inside of P¥@cket cap, which fits over the end of the
marker/well.

Photographic inventory

The acquisition of digital images of each plot (Fig6) can contribute significantly to
data quality control. In addition, these imagesvjgte a good way to convey information
to a variety of audiences. Images should be t&loen as overhead a position as possible
in order to minimize aerial distortion and plot Inoaries should be visible. As a rule, the
photographer should stand in a position to mininsizadows and photo orientation and
date should be noted in the metadata.

Figure 6. Example of a suitable picture for thgitdl image library of monitoring plots.
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RESULTS AND DISCUSSION

Hatches (unrestricted), Middle Meadow, Nauset Islat, Nauset mainland, Pleasant
Bay, and West End marshes

Vegetation

A total of twenty-three species of vascular plarid four species of macroalgae were
recorded within the plots (Table 1). Cyanobactemats were present across
unvegetated flats in one marsh (Nauset mainlaAgierage numbers of species per plot
ranged between 2.7 in Nauset Island and 1.6 irsRiledBay. Macroalgae abundance and
composition varied markedly, with the West End dladiches marshes having abundant
Fucus vesiculosis and Ascophyllum nodosum. No macroalgae was observed in the
Middle Meadow or Pleasant Bay plots. The total hanof species observed in each
marsh (irrespective of plot data) showed a higlegrele of variation, ranging between 8
species in West End to 15 species in Middle Meado@v/Pleasant Bay. We suspect this
is related to differences in elevation ranges, thivdl be determined in 2004.

Table 1. Vascular plants and macroalgae recoriedlt marsh monitoring plots.

Ammophila breviligulata
Ascophyllum nodosum
Atriplex prostrata
Baccharis halimifolia
Cakile edentula
Chaetomorpha linum
Cyanobacteria spp.
Digtichlis spicata
Elymusrepens
Festuca rubrum
Fucusvesiculoss
Juncus gerardii
Limonium carolinianum
Myrica pensylvanica
Plantago sp.
Puccinellia maritima
Salicornia biglovii
Salicornia maritima
Salicorniavirginica
Solidago sempervirens
Jartina alterniflora
Sartina patens
Sergularia marina
Suaeda linearis

(beachgrass)
(knotted wrack)
(triangle orache)
(groundsel tree)
(sea rocket)

(green algae)
(blue-green algae)
(spike grass)
(quack grass)

(red fescue)
(bladder wrack)
(black grass)

(sea lavendar)
(northern bayberry)
(plantain)

(alkali grass)

(dwarf saltwort)
(slender glasswort)
(Virginia glasswort)
(seaside goldenrod)
(smooth cordgrass)
(saltmeadow cordgrass)
(salt sandspurry)
(annual seepweed )

Suaeda maritima
Toxicodendron radicans

(herbaceous seepweed)
(poison ivy)

Although total numbers and types of species werg sieilar among marshes,
community composition, as indicated by Principah@ponents Analysis of species mean
cover values (all plots pooled), showed large diffices (Figure 7). Geography, which is
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also indicative of marsh age, emerged as a didgattire of the observed variability in

that the Eastham (Nauset Island, Nauset mainlamdiPaovincetown (Hatches Harbor,
West End) marshes were grouped closely togethdle we Wellfleet (Middle Meadow)
and Orleans (Pleasant Bay) marshes were separatedHe rest and from each other.

Species diversity/evenness indices also refletteskt differences (Table 2).

species averaged over all plots

M

WE
HH

PC2

MM
NI

-4 3 2 -1 0 1 2 3 4

Figure 7. Principal components analysis of meangm cover by species.

Table 2. Shannon-Weiner diversity (D) and Pieldivgnness (E) indices for mean
species percent cover values (all plots pooled).

Marsh D E

Hatches Harbor 1.894 0.7897
Nauset Island 1.253 0.5442
Nauset Mainland 1.351 0.6148
Middle Meadow 1.591 0.6404
Pleasant Bay 1.288 0.3426
West End 1.748 0.7035

Grand mean height values (i.e., means all plottepp@f the tallest fives. alterniflora
plants were lowest in Nauset Island and Nauset lslathmarshes (Figure 8a). In
Hatches Harbor and West End, however, plants wamgetall with maximum heights
exceeding those that have been reported in numetbas studies (Table 3). Ranges of
individual plot means followed a similar pattefalants in Middle Meadow and West

14
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End marshes exhibited the largest variability ilghts while those in the Nauset marshes

were more uniform (Figure 8b).

mean S. alt ht. (cm)
[ S
N B (2] @ o N ey (2]
o o o o o o o o o

mean S. alt ht (cm)

250

200

150

Hi

H MM NI NM PB

WE
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NI NM PB WE

Figure 8. Mear®. alterniflora plant heights for a) all plots pooled and b) indiaal plots
(based on 5 tallest plants recorded in each plot).

Table 3. Reported end of growing season heighs aterniflora from Atlantic and
Gulf Coast States (“fertilized” indicates plantdated to artificial nutrient enrichment).

State Mean heights (cm) Total range (cm) Reference
LA 78-93 Lindau and DeLaune (1997)
LA 42 Michot et al. 2001
CT <200 Chambers (1997)
RI 50-142 Nixon and Oviatt (1973)
MA 30 (control) Howes et al. (1986)
102 (fertilized) Howes et al. (1986)
VA 41-56 Tyler and Zieman (1999)
SC <200 Morris and Haskin (1990)
VA 51-115 (controls) Osgood and Zieman (1993)
61-154 (fertilized) Osgood and Zieman (1993)
VA 70 (fertilized) 30-150 Osgood and Zieman (1998)
SC 70.5 (fertilized) Bagwell and Lovell (2000)
28.7 (control) Bagwell and Lovell (2000)
RI 16-180 Thursby et al. (2003)
MA 120 (tallest 10) Teal and Howes (1996)
MA 31-166 Plum Island database
MA 122-183 Redfield (1972)
MA, CT 100 Farnsworth and Meyerson (2003)
LA 64 (fertilized) Buresh et al. (1980)
51 (control) Buresh et al. (1980)
RI 41-136 Wigand et al. 2003
MA 56-137 (tallest 5) 7-240 this study

a

Formatted: Border: Bottom: (Single
solid line, Auto, 0.5 pt Line width)

J

Tissue N content ranged from an average of 1.3Pédasant Bay to 1.9 in the West End
marsh. Since N assimilation is inhibited by pomidage and high sulfide
concentrations, leaf N content may reflect diffe@nin plant vigor. The leaf N and C:N
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of live S. alterniflora leaves in some of the marshes were also quitedugipared to
those reported in the literature (Table 4). Pestrapre importantly, the leaf tissue
nutrient data indicate th& alterniflora appears not to be limited by nitrogen based on
estimated minimum N concentrations required to sapgrowth in this species (Bradley
and Morris 1992). This would be in contrast to theny salt marshes along the Atlantic
and Gulf coasts, which are N-limited (Day et alB2p High N content may also be the
result of atmospheric deposition which is subs#dgthigher in the northeastern states
(NADP) or it may simply be related to the largeatidanges on Cape Cod (Streever et al.
1976, Day et al. 1989). The contribution of laretided nitrogen to CACO salt marshes
is unknown, although it is interesting to note th@me of the highest N concentrations
were found in plants from the West End marsh -othlg site immediately adjacent to a
major urban center (Provincetown). The abundahoeagroalgae in this marsh, which
has been shown to enhance the growt8 afterniflora elsewhere (Gerard 1999), may
also be part of the explanation. Additional samglirom locations receiving widely
differing inputs of land-based anthropogenic N.{iseuthern tip of Monomoy Island vs.
Muddy River) and isotopic analysis (i.EN/**N) may help, in conjunction with the
estuarine nutrient enrichment protocol, clarifysthéssues (Wigand et al. 2003).

Table 4. Reported leaf nitrogen contenBpdrtina alterniflora (“fertilized” indicates
plants subjected to artificial nutrient enrichment)

State Date N (%) Reference
SC Aug <1 (control) Morris (1982)
>2 (fertilized) Morris (1982)
LA NA 2.1 (fertilized) Breitenbeck (not dated)
1.4-1.8 (control) Breitenbeck (not dated)
VA Jun-Sep 1.2-2.1 Tyler and Zieman (1999)
SC n/a 0.8-14 Bradley and Morris (1992)
MD Aug 0.7-1.2 (shoots) Stribling and Cornwell 200
GA 1.3-1.6 Mclintire and Dunstan (1976)
NC, GA <11 Broome et al. (1975)
MA, CT Aug 16 Farnsworth and Meyerson (2003)
GA Jul-Aug 14-15 Haines (1979)
LA Jun 0.8-1.0 Brannon (1973)
LA Jun <11 Buresh (1980)
DE Jun-Sep 0.9-1.0 Roman and Daiber (1984)
GA Aug <1.0 (control) Chalmers (1979)
<1.3 (fertilized) Chalmers (1979)
VA 0.7-0.9 Gallagher (1975)
VA 0.7-0.9 Patrick and DeLaune (1976)
VA 1.0-15 Mendelssohn (1973)
CA Sep 0.9 Daehler and Strong 1997
WA Sep 13 Daehler and Strong 1997
MD Sep 1.0 Daehler and Strong 1997
FL Aug 1.2 (control) Stiling et al. (1982)
1.6 (fertilized) Stiling et al. (1982)
FL Jun <1.5 (control) Bowdish and Stiling (1998)
<2.1 (fertilized) Bowdish and Stiling (1998)
MA Aug 1.3-1.9 this study
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Physico-chemical environment

Mean peat depths differed significantly among messhanging between 20.7 (Nauset
mainland) and 102 cm (Nauset Island) (Figure djth the exception of Nauset
mainland, which experienced overwash events in H9®71991, the Atlantic side
marshes (Pleasant Bay and Nauset) had much tipekgithan Cape Cod Bay marshes*

* Older Cape Cod Bay marshes have deeper peatttbaktlantic marshes; it's just that they are diked.
upper Pamet River, Herring River.
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Figure 9. Mean a) peat depth and b) water depidwatide by marsh.

Depth to water during the neap low tide cycle shebwwmjor variation, with nearly a
tenfold difference between Hatches Harbor and Nada&land marshes (Figure 5b).
As such, salt marsh vegetation in the Nauset agasBht Bay must cope with extreme
flooding stress (i.e., anaerobic and anoxic cooadj compared with the other systems.
Porewater and sediment exhibited significant valitgtamong marshes. The most
notable differences were in particle size and delfiNH;,, and PQ concentrations. For
example, porewater sulfide concentrations in PlgaBay were more than threefold
those found in the other marshes. Histograms tiegimean values for these and other
parameters are included in Appendix II.

Symptoms of marsh deterioration in Pleasant Bay?

An area of salt marsh adjacent to transect 1 iadal&t Bay appears to be showing some
symptoms of deterioration. Specifically, we obserwhat appears to be loss in area
coverage o§. alterniflora and the development of extreme topographic vanatiwith
respect to the latter, the ground surface has begmuokmarked with open depressions
surrounding isolated hummocks $falterniflora - a feature that is unlike any of the
other marshes within CACO. Coincidentally, thisreiealso has the highest
concentrations of insects, including the marshgragper. This may be a sign that
Soartina alterniflora is under physiological stress and that insecte®gpéoiting
weaknesses in its chemical defenses. The sousteesE may be increased flooding
given that a break in the barrier spit occurre@987, which had the effect of
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immediately increasing the tidal amplitude of PeaBay. As such, special attention
should be paid to document any further signs ofaftggion in this system.

East Harbor

Vegetation change (2002-2003)

With the opening of the culvert and increased #glinirtually all species except
Phragmites disappeared from transects EH3 and EH4. Therdesashange in
vegetation along transects EH1 and EH2 (Figurert@yeTypha angustifolia and
associated freshwater species continued to thmiegdw-salinity environment (Figure ).
T. angustifolia is reportedly intolerant of salinities greaterrthél5 ppt (Whigham et al.
1989), which explains its disappearance from tighdri salinity (> 25 ppt) Moon
Meadow area (transects EH3 and 4). Salt-intolespaties such ahelypteris palustris
(marsh fern)Onoclea sensibilis (sensitive fern)Toxicodendron radican (poison ivy),
andImpatiens capensis (jewel weed) survived in EH1 and EH2 plots butimdiloon
Meadow.

2

14

0 T T T
EH1 EH2 EH3

Figure 10. Mean number of species absent froméxdsgall plots pooled) after 1 year of
tidal restoration (2002-2003).

mean no. species lost (02-03)

EH4

Phragmites
In total (i.e., all plots pooled), stem heightdha end of the growing season were
significantly lower in 2003 than in 2002 (Figure)1WWhen broken down by individual

plots, it becomes evident that reductions occumesbme plots but not others. By and
large, the greatest reductions occurred in platsesito the main tidal creek (Figure 12).
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Figure 11. Mean end of growing season stem he{ghtplots pooled) oPhragmites australis in
Moon Meadow.

Phragmites stem heights, East Harbor 2002-2003
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Figure 12. Mean stem heightskfaustralis by plot in 2002 and 2003 (end of 2002 growing
season mean heights determined from standing dead present in June 2003).

In contrast to stem height trend®yragmites stems were much denser in both June and
October of 2003 compared to June 2002 (Figure T8 reason for this is unclear.
However, we suspect that record amounts of pregipit in May and June lowered
surface salinities to a level that allowed for vigas growth during this period, which
sharply contrasts early growing season conditiorZ)D2 when a prolonged drought
occurred. Around mid-summer the plants began hibéstress and some die off
occurred, which brought stem densities back downfortunately, stem heights and
densities were not measured in the fall of 2008is 15 because we assumed that a
measure of standing dead stems with intact inft®eses adequately represented the
previous year’s growth. In observiRhpragmites populations throughout the winter,
however, it has become clear that high winds aoihst can break many of the stems
produced the previous summer. As a result, measns taken only on standing dead
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stems with a inflorescences are not reliable farutating biomass and direct annual
comparisons cannot be made for this time of yéara general observatioBhragmites
was not reduced after 1 year of tidal restoratilmstead, the population changed form,
becoming shorter, but denser.

Phragmites stemdensities, East Harbor 2002-2003
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Figure 13. Stem densities of liRhragmites along transects EH3 and 4 in 2002 and 2003.

Despite an early surge in growth, mid-summer (83yphotosynthetic gas exchange
was suppressed Phragmites growing within Moon Meadow compared to those ineot
areas of fringing marsh (Figure 14). Porewatdniigs in June and August ranged
between 25-32 ppt in the former (yellow circlesil ®15 ppt in the latter (blue circles).
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45 Porewater salinity (July 2003)
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Figure 14. Mid-summer photosynthetic rate®ofustralis at various locations around East
Harbor.

Phragmites leaf tissue N exhibited a significant decreasa imumber of locations in
response to the initial 2-week opening of the addvan June-July 2002 (Figure 15). It is
unlikely that this reflects a natural seasonalidecsince others have shown that leaf N
content varies little between June and August (B886). However, concentrations in
June and July of 2003 were similar to those fromgsas collected prior to any
introduction of seawater (2002) (Figure 16). Onsegible explanation is that the initial
opening led to salinity shock following the abrepainge of conditions. In contrast,
Phragmites emerging in 2003 had the entire spring and eamymser period to acclimate
to the “open” conditions. In addition, porewatetment levels were higher in 2003 than
in 2002 (see the following section), which may haempensated to a certain extent for
the effects of salinity and sulfide stresg*hragmites. For example, N is used to produce
osmoregulatory amino acids such as proline in nespto elevated salinities
(Hartzendorf and Rolletschek 2001With prolonged exposure to full-strength seawate
however, it is expected that leaf total N conteitit lwe much reduced - either as a result
of sulfide toxicity (Chambers et al 1998) or osroatiress (Lissner and Shierup 1997),
both of which reduce N assimilation, or a combimawf both. Tissue sampling and N
analyses will be continued in order to assessirie $cales over which this reduction
may occur.
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East Harbor 2002
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Figure 15. Leaf nitrogen content®faustralis before (June 18, 2002) and after (July 12, 2002)
culvert opening.
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Figure 16. Leaf nitrogen content®faustralis.

Porewater quality - By and large, porewater salinities (at a defthGocm below ground)
showed very little increase along EH1 and EH2 caegbéo the previous year (only plots
within ~20 m of the lake edge increased substdytiaBy contrast, salinities increased
by ~20 ppt along transects EH3 and EH4 (Figure.1Payewater sulfides increased
substantially along all transects, with the largesteases occurring along EH4 (Figure
17b). June concentrations of Nitere elevated along 3 of 4 transects in 2003 coedpa
to the previous year (Figure 17c). Porewates &dibited even larger increases along
all transects (Figure 17d).
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Figure 17. Mean change in porewater a) salinitygutfides, c) NH, and d) P@from
June 2002 to June 2003 (plots pooled by transect).

Increased nutrient availability, particularly Plilely a consequence of increased
flooding since anaerobiosis would promote the rédnf Fe (I1I) minerals that bind
PO, In addition, the increase in sulfate-rich seawatn increase the rate of nutrient
mineralization in anoxic peat because,$superior energetically to G@s an oxidant
for organic decomposition and P&lease. Also, the system appears to be N limited
based on N:P ratios #hragmites leaf tissue (unpublished data) - thus it is expethan
PO, would accumulate. On top of this, the death aswbchposition of salt intolerant
vegetation returns more nutrients to the substrate.

Finally, some interesting qualitative observatiarese made during the course of 2003
that indicate a rising degree of physiologicalsgrin thePhragmites population of Moon
Meadow. First, a number of plants exhibited leaf ea symptom of osmotic stress
(Figure 18). Secondly, the leaves of many plaetsane infested with a species of green
aphid (Figure 19), which was not observedPbnagmites elsewhere within East Harbor
and within CACO itself.
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Figure 19. Aphids on a leaf bladeRifragmites from East Harbor.

Hatches Harbor — Restoring Side

Vegetation
As a whole (i.e., all plots pooledPhragmites stem densities and heights increased

slightly from 2002 to 2003 (Figure 20a, b) althougla statistical sense these changes
were not significant. When broken down by plohdtomes clear that the increases were
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largely due to changes in transect 2 plots distanh the main tidal creek (Figure 21,
22). Percent flowering exhibited the opposite drerith a reduction from 18% in 2002 to
8% in 2003 (Figure 20c). This difference, howeweas not significant due to many plots
that had non-floweringhragmites, which contributed zero values to each group and
increased the variance of the pooled means. Quot &yplot basis, however, the
flowering response showed marked reductions alatig thansects (Figure 19).
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Figure 20. Phragmites a) mean stem height, b) stem densities, and cepeflowering stems for
all plots in October 2002 and 2003 (error barsssaeadard errors of the means).
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Figure 21. Phragmites mean stem heights by plot in October 2002 and 268r bars are
standard errors of the means).
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Figure 22. Phragmites stem densities by plot in October 2002 and 2003.
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Figure 19. Phragmites percent flowering stems by plot in October 200& 2003.

Along transects 1 and Phragmites leaf N concentrations ranged between 2.6 and 4.6%
in July 2003 but showed no correlation with dis&from the main tidal creek. N:C

ratios similarly showed no spatial trends. Howeleaf N and N:C in a small subset of
plots (n=3) showed a decrease over the coursgedia In 2002, tissue samples were
only collected from plots 1-20, 1-360, 1-540. Wiileese were compared to 2003
samples from the same plots, a significant redodgdaevident (Figure 23).
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Figure 23. Phragmites leaf tissue nitrogen (N) and nitrogen:carbon (NrC)uly 2002 and 2003
(values are means of plots 1-20, 1-360, 1-540r &aics are standard errors of the means).

Like in East Harbor, the small increasePtragmites stem heights and densities may, to
some extent, be due to differences in precipitatieinveen 2002 and 2003. Figure 24
(below) shows how the progressive increase in patevsalinity along transect 2 was
reversed in 2003 by the abundant rainfall.
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Figure 24. Porewater salinity by plot along tramisefrom 1997 — 2003.

Another possible explanation is the progressive tdscompetition from salt-intolerant
species that have either declined or died altogetimeHatches Harbor there appears to
be three zones d¢thragmites. The first zone consists of short, sparse, nowsting
plants contiguous with the main tidal creek. Belinis is a second monospecific zone
of dense, talPhragmites growing in salinities that are now high enouglnguce
mortality in associate freshwater species. The ttone occurs in low salinity or
freshwater areas distant from the tidal creeknodfeutting upland habitat. Here,
Phragmites is less dense and mixed in with a variety of frestier wetland species. It
appears that the zone of most vigor@asagmites (second zone) growth is slowly
moving back toward upland as seawater penetratiégefuinto the marsh with each
passing year.

The reduction in percent flowering stems at marmyspis noteworthy and a stronger
inhibition of flowering may emerge with increaseshwater flow through the dike.
Prolonged osmotic stress may deplete internal veseo the point that plants forgo
sexual reproduction. On a similar note, it app#aas much of thé&hragmites
population (particularly plants closest to the ntédlal creek) is senescing earlier in the
year than populations growing under less stregsfiatlitions - e.g., in lower salinity or
freshwater environments (personal observation).

Lack of spatial gradients in leaf N content maydoe to extremely low sulfide
concentrations in this well-drained system. Irt,faalfides, which are known to inhibit

N uptake, are frequently undetectable in this wedined system. In addition,
translocation of internal reserves through clontdgration may be occurring. Moreover,
increased levels of porewater nutrients may beiali@g physiological stress in
Phragmites and slowing its rate of decline. Nutrients candyee more available through
increased tidal floodinglso the death of salt-intolerant vegetation atsaributes more
nutrients to the system. This scenario has playedih manipulative experiments with
marsh sediments (Portnoy and Giblin 1997) andriraaby salt marsh restoration project
(East Harbor, Truro) (unpublished porewater data).
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Notwithstanding, we expect that continued floodivith full-strength seawater will act
as a persistent drain on the internal reserv&hicigmites, thereby resulting in a
weakened physiological state for the populatiogeneral. In additiorPhragmites will
increasingly have to compete with greater numberative halophytes, which are
spreading across the restricted side of the mdrshesponse, the zonesRifragmites
described above are likely to shift further backdod the upland fringes of the system,
making way for a more expansive salt marsh comrmunit

CONCLUSIONS

Although unrestricted salt marshes within CACO shaany of the same plant taxa,
relative species abundances are quite dissimitaticplarly with respect to macroalgae.
In general, CACO’s salt marsh habitats can be dividito two groups that sort out by
coastline. The Cape Cod Bay-side marshes are digmécher with respect to species
evenness and have more high marsh community tygpgsSpartina patens, Distichlis
spicata). In the lower tidal zoné. alterniflora is very productive, attaining high levels
of biomass over broad areas, and fiddler crabalamadant in two of the three sites
(Middle Meadow and West End). By contrast, theaAtic-side marshes have fewer high
marsh communities, were dominated by very sBaatterniflora, and contained no
fiddler crabs.

Differences in vegetation composition and prodiugtiare likely a function of soil
drainage capacity, soil nutrient levels, elevatjarsl tidal range (Day et al. 1989).
Although many different environmental factors cidnite to plant nutrient status, the
possibility exists that higB. alterniflora biomass and leaf N are manifestations of
anthropogenic N inputs on a local (e.g., groundwyaieregional (e.g., atmospheric
deposition) level. Currently, we have no explaoafior the absence of fiddler crabs in
Hatches Harbor, Nauset, and Pleasant Bay marstatsvithstanding, the relationship of
marsh vegetation with various environmental vagabill be explored using Canonical
Correspondence Analysis and Multiple regressiohrtiegies. These analyses are
dependent upon data that have yet to be genetatmayh additional field work (e.g.,
elevation surveys) and laboratory analyses (eedingent chemistry).

In East Harbor, vegetation and porewater exhitstgdastantial changes during the course
of one full year of tidal restoration. In the doedstern part of the system (Moon
Meadow area) plant species composition is beimgfeamed as salt-intolerant taxa
disappear. Porewater nutrients apparently haverbeenore available as the system
adjusts to the new hydrologic conditions (e.g.@asing ionic strength and cation
exchange, increasing anaerobic decomposition)a@ityh in the short term this may
compensate somewhat for the effects of salinigsstinPhragmites, continued exposure
to high salinities and sulfide concentrations stawentually result in a major decline in
the population.

In Hatches Harbor, vegetation changes in the otstriside of the marsh are continuing.
AlthoughPhragmites made a slight recovery in places, probably dusfmous rainfall
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in 2003, other indicators (e.g., flowering, tistjesuggest an overall decline in vigor.
Moreover, native halophytes are rapidly spreadimgughout the (formerly) restricted
marsh - a trend that should be statistically apgdmlowing a complete vegetation
survey that is scheduled for 2004.

Future Monitoring Activities and Recommendations

Preliminary synthesis of the 2003 data has provaleshsonable understanding of the
structure and functioning of CACO'’s salt marsh ketbi To compliment this work, a
small number of additional data needs have beentifidal. It is expected that this
information will provide perspective and help answsecific questions that have
emerged from the initial analyses.

1. CollectS alterniflora height and tissue nitrogen data from other sitesrad
Cape Cod that are presumed to have very differatengials for land-based
anthropogenic nutrient enrichment (e.g., Town Cod¥enomoy, Nantucket,
Muddy River).

2. ObtainS alterniflora stem densities in unrestricted marsh sites. iffismation
will also allow calculations of biomass and faeité expressions of nitrogen in
this species on an area basis (as per Bertnes2602), both of which are
critical for a regional perspective on CACO'’s salirsh habitat.

3. Obtain values for percent flowering stemsSoélterniflora (rather than
presence/absence of flowering stems).

4. Further investigate the apparent deterioratioreofin parts of the Pleasant Bay
marsh site. Anomalous signatures detected onl aémadographs will be
reconnoitered to evaluate symptoms of deterioragimuld they be observed.

5. Develop an improved strategy for characterizing pgdroperiod and aeration,
including water-level sampling, redox monitoringléor other methods.

6. Data analysis - Multivariate analysis (using BIOEMMPrimer™ and regression
analyses in Statistica™) will be conducted to detee most important factors
regulating salt marsh structure and function. ©@uraponent of the final analysis
and discussion should be a characterization of CA@@restricted salt marsh
habitat in a regional context. In other words, ldmour marshes compare with
those from around the Northeast Atlantic StatesRatvdre the differences and
why do these differences exist?

Finally, to maintain a continuous, high-frequeneydl of data collection in the rapidly
changing restoration projects, it is recommendatidhcomplete vegetation survey of
Hatches Harbor and East Harbor be conducted in.2004
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APPENDIX I. Maps of salt marsh monitoring locations
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CACO salt marsh monitoring sites
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Hatches Harbor plot locations
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East Harbor plot locations
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Middle Meadow plot locations
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Nauset Island plot locations
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Nauset mainland plot locations
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Pleasant Bay plot locations
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APPENDIX 1.

Mean values for porewater and sediment variables &m unrestricted marsh sites.
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Sediments:
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